Inflation-Dark Energy unifled through Quantum Regeneration 
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We study a scalar (f) field that unifies inflation and dark energy with a long period of a hot 
decelerating universe in between these two stages of inflation. A key feature is that the transition 
between the intermediate decelerated phase to the dark energy phase is related to a quantum 
regeneration of the scalar field instead to purely classical dynamics. The interaction Vint{4>,f) 
between (j) and a second scalar field ip allows not only for to decay at a high energy Ei, even 
though (j) does not oscillate around the minimum of its potential, but it also regenerates cf> at an 
energy Ebd — EJ close to present time. It predicts extra relativistic energy and an interacting dark 
energy which may account for a, w < —1. In the model presented here we have Ei ~ lOOTeV and 
Ebd — 1 eV. The low value of the back decay energy Ebd gives an explanation of the coincidence 
problem. 



In the last few years the existence of two stages of ac- 
celerating the universe have been established. The first 
stage is inflation [1] needed to explain the homogeneity 
and isotropy of our universe and the second stage cor- 
responds to the dark energy "DE" which dominates the 
universe at present time [2]. 

Inflation is associated with a scalar field, the "infla- 
ton" , and the energy scale at which inflation occurs is 
typically of the order of Ej = lO^^GeV [1] but it is pos- 
sible to have consistent inflationary models with Ej as 
low as 10Afey[3]. On the other hand the energy scale 
at which DE becomes relevant is much smaller than for 
inflation, namely Eq — 10~^eT^, and its nature is not 
known. The present time data are consistent with a cos- 
mological constant but perhaps the most appealing can- 
didate for the DE is that of a scalar field [4]- [5] which 
interacts weakly with standard model "SM" particles. 

We will assume that DE and inflation are given in 
terms of the same scalar field and we will call this field 
the "uniton" </>, from inflaton-dark energy unification. A 
single scalar field can easily give inflation and DE if the 
potential is flat at high and low energies (present time) [6] . 
However, most of the time our universe was decelerating 
and was not dominated by the uniton field but by radia- 
tion and later by matter. Therefore, any realistic model 
must not only explain the two stages of inflation but also 
allow for a long period of decelerating universe. This 
long period of deceleration is not easy to achieve in the 
context of inflation-dark energy unification. In this letter 
we study a class of models that achieve these results. 

To reheat the universe and obtain a long period of de- 
celeration we couple the uniton to a scalar if. After infla- 
tion the uniton will decay into ip, reheating the universe, 
while at low energies (close to present time) (p will decay 
back and regenerate the uniton. We use for this second 
decay the same interaction term Vint as in the first decay. 
We point out that the appearance of DE is via quantum 
decay and not classical evolution. 

Typically the inflaton decays while it oscillates around 
the minimum of its (quadratic) potential [1]. If the in- 
flaton decay is not complete then the remaining energy 



density of the inflaton redshifts as matter at late times. 
The amount of residual energy density must be flne tuned 
if one wants to be interpreted as dark matter. However, 
in our case the uniton can no longer have a minimum at 
a finite value for (f> [5] since it must accelerate the uni- 
verse at late times. So the decay of 4> must happen while 
rolling down its potential. Since the uniton inflates at 
an early and a late time the potential V must be flat at 
high and low energies, we can take < — 1 for inflation 
and (j) > 1 for dark energy, and then the uniton evolves 
through the region = with a non vanishing potential 
1^ 7^ 0. The conditions for instant preheating [7] are then 
easily met and we have an efficient decay. Of course we 
want to reheat the universe with particles of the stan- 
dard model "SM". To achieve this we couple ip to SM 
particles at high energies, the same energy as the decay 
of (p, where all particles of the SM and (f are relativistic. 
Thermal equilibrium " TE" will be maintained as long as 
if and the SM particles remain relativistic. 

The quantum regeneration scenario for DE, presented 
here, has some interesting generic properties and can be 
observationally or experimentally tested. The explicit 
form of the uniton potential V{(j)) is not important as long 
as if inflates the universe at an early and late epoch and 
the uniton field evolves a through region (e.g. \(j)\ <C 1) 
where the conditions for instant preheating are met. The 
field if remains relativistic until present time and there- 
fore we have more relativistic energy density given by 
n^ = ftrgcp/gr with g^p = l,5r = g^ + gsM the rel- 
ativistic degrees of freedom. This extra ft^ is favored 
by the cosmological data [8] and since the interaction 
between DE and ip remains at low energies it can also 
have phenomenological consequence in structure forma- 
tion and the evolution of DE. In fact, an interacting DE 
has been proposed to explain a w smaller than -1 for 
DE [9]. In models where inflation and reheating takes 
place at a low energy, as in the model presented here 
with E < El — O(IOO) TeV, the temperature is large to 
produce all SM particles but low enough so that (p could 
be produced at LHC. Of course we should be careful not 
to contradict present day constrained from charged par- 



tides [10] or a long range force [11]. 
General Framework- Our starting point is a flat FRW 
universe with the uniton (/», a second ip scalar field and 
the SM. We take the lagrangian L = Lsm + L, where 
LsM is the SM lagrangian, L — ^9^09^0 + ^df_i(pd'^if — 
V{(j)) - B{lp) - Vint{<l),(p,SM). The uniton potential 
is 1^(0) while Vint is the complete interaction poten- 
tial. The potential B{(p) may be required to stabi- 
lize (fi, e.g. B{ip) — Xip^ for Vint in eq.(5). The re- 
quirement for V is that it satisfies the slow roll condi- 
tions jT^'/^l < IjI^'V^I < 1; where a prime denotes 
derivative w.r.t. to (p, at the inflation epoch and at 
present time for DE. We also take V such that (j> evolves 
through regions where instant preheating is possible, e.g. 
V((j) = 0) 7^ 0. The interaction term Vint has two im- 
portant consequences. On the classical level it couples 
the differential equations of (j) and ip through derivatives 
of Vint while at a quantum level it allows for a particle 
decay. 

We define the energy density and pressure for the 
field (j) as P4, — ^(/)^ + V, p^ ~ ^cjP' — V and p^ = 
\p^ + B + Vnt, Pv = i<^2 _ ^ „ Y^^^ for ^^ The 
total energy density and pressure are then given by 
P ~ P4> + P^iP = P4> + Pip- The classical evolution 
of (j) and p [13] is given by the equations of motion, 
4> + 3H4> + V' + V:/„j =0, p + 'iHp + B^ + Vnt^v = o> 
with H'^ = p/'S and SttG = 1. In a non expanding uni- 
verse the number density n — iV/Vol, where N is the 
total number of particles and Vol the volume, evolves as 
n{t) = n^e"'"*^*"**) where T is the transition (constant) 
rate. The differential transition rate is given by [12] 
dV = Yo\{27rr\M,i,\^S^{PI - PF)!!^^^!!,^^^ 

where PI{PF) is the initial (final) momentum. Vol is 
the volume (normalized to one particle per volume) and 
Mab = mM\a) is the transition amplitude. The conser- 
vation of energy- momentum requires that initial and final 
energies are equal, Ei — Ef and pi = pf. In a process of 
a identical initial particles with energy Ea and mass TOq 
and a final state consisting of b particles with the same 
energy Ef, and mass mi, so that Ei = aEa = bEj, — Ef 
differential transition rate is 



2„a-l„6-l 77ib-a-3 



T^Cab\Mab\'K-y,-'E', 



(1) 



Cab = (a/6)''-22(i-«-b)(27r)3-2b/a. in the limit where 
the decaying particle is non-relativistic with Ea — ma S> 
mb,Pb — Eb then eq.(l) becomes 

r = Cab\Mab\'n:-'Ef—^ = Cab\Mab\'n:-'mf—^ 

On the other hand if all particles involved are relativistic 
and in TE then eq.(l) with Ua = CnT'^^Cn = .9aC(3)/7r^ 
and Ea — T is 



r = Cab\Mab\^El^''+-^-\ 



(3) 



Cab = CabCn ^- In quantum field theory it is common to 
take the interaction between two scalar fields as power 



laws with Vint = g(jf^p"/2 with m > 0, n > and 
n + m < A. However, the potential for DE is in general 
a non renormalizable potential and has a more compli- 
cated expression such as an exponential e^"'* or an in- 
verse power 1 /(/)". Therefore, we will consider a generic 
interaction potential Vint{4>T'^)- The quantum states in 
field theory are perturbations around the minimum of 
the potential, however, since a scalar field that is cos- 
mologically evolving has not reached its lowest energy 
state, we must expand (j) around its classical average 
4>Q(t) at any given time, (j){t) = (f)Q{t) + 6(j){t), and it 
is the fluctuation S(j) that gives the quantum state. An 
expansion around a stable point of the potential V, as 
in a quadratic potential, the creation of particles are 
not energetically favored. However when the pertur- 
bations are unstable the creation of particles is ener- 
getically favored. Let us assume an interaction term 
Vint — 9h{4>)p''^ with h not necessarily a positive power 
law function of (f). If we expand /i in a Taylor series 
around (j)oit) the interaction term Vint gives an effective 
coupling Vint ^ ghop}"" + gh'^Scf) p^ + \ghl8(\? p^ + ... 
between a quantum fields b(\) with 1 < a and b quantum 
fields bp with 1 < 6 < n, after expanding (^ — (^o + bp. 
Since (p is dynamically evolving, the expansion point (^q 
and all the couplings /iq, /ig, ... are functions of time. Con- 
sidering a polynomial interaction we can determine the 
process of an initial state of a-particles going into a final 
state of b-particles. The transition amplitude is 
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and the total transition rate is then given by F = T,a,b^ab 
where a takes the value from 1 < a < Qmax and 
1 < 6 < bmax- Clearly the total transition rate T 
will be dominated by the largest Tab- If we take a 
polynomial potential Vinti4'Tf) = g(j)"^p"' with arbi- 
trary values of m,n and use eq.(4) we have Mab 



,m-a.„n-b ^^j ^^J^^-^ bcCOmCS Tab = 



Tiarr^rr-^ with To = coff202(™-i)^2(„-2)/^^^ p^ = 



a\{m-a)\b\{n-by. 

/ 

n^/(j)^m^, Tf = m^/p^ and cq = i aiim-^yMin^byf '^^b- 
The quantity ri2 corresponds to the decay with a — 
1,6— 2, Ti gives the contribution from a larger number 
(a > 1) of initial decaying particles (p while T f corre- 
sponds to a larger number (6 > 2) of final product parti- 
cles p. We clearly see that if Ti = n^/cjPm^ > 1 then a 
large value of "a" gives a bigger Tab or if Tf — m^/p"^ > 1 
when "6" takes its maximum value b — n. 
Interaction term- We will now choose an interaction 
term which allows for (f> to decay into a relativistic scalar 
field (/3 at a high energy Ej. This field p is coupled to SM 
particles denoted by x and ip- As soon as p is produced 
it decays into x and ip, which are also relativistic at the 
energy Ej. As long as (^, x or i/; are relativistic they 
remain in TE. We will assume that p remains relativis- 
tic while it is couple to the SM (otherwise the number 
density n^ would be exponentially suppressed and the 
uniton would not be regenerated). Finally, the p will 



regenerate </> at a late time when the universe energy is 
given by Ebd, with Ej > Ebd > Eg ^ 10~^ey. From 
eq.(3) we see that if want to have a late time regener- 
ation _E <C 1 the coupling between (p and 0, which are 
relativistic, must have a + b < 4.5 so that the exponent of 
E in /i2£;2(a+b)-9 > Y/H is negative, and we have used 
H « y/p ^ E^ . We take then the simplest interaction 
potential is 

V^nt (0, V>, SM) ^g(j)ip^ + h ip\^ + h if^tPip. (5) 

The first term gives rise to the uniton decay into ip at 
a high energy and a late time regeneration via (p decay. 
The second and third terms are the coupling of (p with 
SM particles x, ip allowing for reheating our universe. All 
other SM particles will be produced by x, tp. If the fields 
X,V' acquire a large mass then ip will no longer be cou- 
pled at T < m^ since below this temperature n^ , n^ are 
exponentially suppressed and T/H will be smaller than 
one. However, the (p temperature will still redshift as 
T ^ l/a(i) since it is relativistic. 

Let us now describe the three different decay processes, 
the uniton decay, the SM reheating and the back regen- 
eration of the uniton. 

Infiaton Decay- In the decay of (j) two different and 
complementary scenarios take place. On the one hand 
we have T/H 3> 1 giving an exponentially suppressed p^ 
after the decay. On the other hand, the conditions for 
a non adiabatic process and instant preheating are met, 
i.e. we have ifiip/rn^ > 1, since the potential V(0) 7^ 
while (f> roles down its potential around the value (f> — 
and the mass of tp, m^ ~ Qg4'^, vanishes. Taking into 
account these facts we expect an efficient decay of (f> into 
ip. Furthermore, since (p is coupled to the SM it will 
decay into SM particles and the resulting energy den- 
sity p^ will essentially vanish giving rise to a relativistic 
PR = PSM + Pip- If inflation ends with a small value 
of (f> than the decay and reheating of the universe will 
take place immediately afterwards at the energy scale 
Ej. After inflation the held (p is non- relativistic, in the 
comoving frame its momentum is negligible compared to 
its mass, and we have m^ > V ~ p^. Form eq.(2) with 
a ~ 1,6 = 3 and Ea — E^ ~ m^ we have 
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We see form eq.(6) for as long as g^rri^ 3> Pcf, the field 
(f) will decay into ip. If T/H 3> 1 then wc will have an 
efficient decay and p^ will be exponentially small. Now, 
the instant preheating takes place the non adiabaticity 
condition [7] 
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where we have used (p^ = 2(1 - 
inflation the energy density p^ 
tion of state w^ 7^ —1 and m^ 



- w^)/{l - W4,)V. After 
redshifts with an equa- 
(f> fa for (/) « giving 



Imip/m^l > 1 in cq.(7). 

Universe Reheating- The reheating of the universe 
takes place via a process p+(p ^^ X+X (or V+^P ^^ tp+ip) 
with a cross section for relativistic particles a = h? / E"^ 
(we take the same strength for the x and f/') and an in- 
teraction rate 
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(8) 



with T = E, C22 ^ l/327r 



3 „2 



grTr^/90flr and cji 



c{Er),c{E) = (cff327r3)-i. p^j. ^ > IQ^GeV we have 
gr ~ 106, r^r — 1 and cji ~ 10"'^. Clearly eq.(8) main- 
tains a TE for E < En = crK^ . A good choice of 
h is then h^ ~ Ei so that the interaction takes place 
at En — Tff ~ El. The amount of p^ can then be 
easily determined and it is ^ip = flr/gr- In terms 
of ATV^, extra neutrinos degrees of freedom, we have 
AiV, = (8/7)(g^/5,)(r/T,)4 with AN, = 2.2(0.57) for 
T = T^{T,) (if ip decouples at a higher energy than 
the neutrinos then AN^, < 0.57). A central value of 
0.5 < AA^^ < 2.1 is favored by the cosmological data 
[8]. 

Back Decay and quantum regeneration Now, let 
us see the case for the back decay and quantum regener- 
ation of the uniton field cp. This process will take place 
at late time and low energies E = Ebd- Therefore the 
classical potential V <C Ebd and m^ <C Ebd- So the 
uniton will be relativistic and from eq.(5) the process 
ip + ip —> p + p gives 
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(9) 



For low energy, E <^ MeV, we have g^. "^ ^ and cbd = 
c{Ebd) — 10^^^/^^■. The process takes place for E < 
Ebd = CBDg^- An interesting choice is g :^ Ej, which 
gives Ebd ^ Ej. With this choice we reduce the number 
of free parameters and we relate the energy scale of the 
back decay to that of the end of inflation 
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R = CRg 



El 
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Ebd 
qEi 



CBDh K, El, 



(10) 



with q a proportionality constant. The fine structure 
constant of these interactions are a/ = h? /Air = Ei/Att 
and UBD = .gV47r = EJ/4tt which for Ei = 100 TeF 
gives ai = 10^^^,aBD = 10~^^ to be compared with 
c^em ~ 1/137, the electromagnetic fine structure con- 
stant. The constraint on light particles coupled to elec- 
trons from astrophysical considerations is a < 0.5 10^^® 
[10] or to baryons from a long range force [11] imply that 
the SM field x and ip must be a neutral particles such as 
neutrino. 

Uniton potential V{(j>) - The choice of V is not essen- 
tial in this class of models as long as it is flat at a high 
energy and late time to give an accelerating universe and 
that the evolution of the field (p go through values where 
F 7^ with m^p = so that lifip/rn^l ^ 1. However, to 



be more specific we present as an example the potential 
y{<t>) =" ^ ( 1 arctan[/c(/.] j (11) 

with Vi, k constant parameters. The potential in eq.(ll) 
can be motivated by the interaction AB -^ C ^r A'B', 
with the exchange of a scalar particle with propagator 
l/(-E^ — Pc ~ "^c)- The Yukawa potential Vy oc e~™''/r 
is obtained as the fourier transformation for Ec ^ 
while our potential corresponds to zero momentum with 
Pc = and Ec = niA — ms- Integrating the propaga- 
tor with imaginary energy E^. = iE^ we get a poten- 
tial Vs ex J_ dEc/{El — ml) — — itt/ttIc and an eu- 
clidian action Se = —iS oc —iVs oc — tt/toc- This Se 
gives an exponentially suppressed transition rate con- 
necting a maximum (e.g. at Vj) to a minimum (e.g. 

V = 0), i.e. a sphaleron configuration. If we take the 
integration limits as E^ax = fnA — fnB = we have 

V ex j .dEc/{E'^ + "ml) = 2arctan[(/)/mc])/mc corre- 
sponding to V in eq.(ll). We could identify the energy 
scale Vi as the ultraviolet cutoff scale above which susy 
(or another symmetry) gives a vanishing V. 

We constrain the values of Vf , /c in eq.(ll) by demand- 
ing that during inflation cSp/p = V^^'^/V ~ hfl x 
10"'*, c = vTStt^ and at present time the DE density 
V{<j)o = 1) ~ K = (2 X IQ-^eV)^. The inflation, re- 
heating and back decay scales, using eq.(lO) with q — 10, 
are 



Ei ~ 100 TeV, Er ~ 1 TeV, Ebd ^ 1 eV 



(12) 



The scale Ej is very interesting since it is on the upper 
limit of susy. This inflationary scale Ej is low compared 
to the standard IQ^^GeV but it is large enough to have a 
reheating temperature to produce all SM particles and it 
is within the phenomenological range at LHC. Moreover, 
it is phenomenological welcome [3] and since it is low scale 
one does not have gravitino overabundance problems and 
it has a spectral index n^ = 0.97. It would be interesting 
to relate the coupling Ebd = 1 sV to the neutrino mass 
[14]. 
The potential in eq.(ll) has V = -Vik/[Tr{l + k^cj)^)], 

y(-oo) = Vi,V{{)) = Vi/2 and ^(oo) = 0. If we take 
/c :^ 1 (as will be needed later on) then the potential 
V satisfies the slow roll conditions and accelerates the 
universe for (f) < —k^^'^ and for (f> > I. During the 
last 60 c-folds of inflation we have k^^^^ < —(p ^ 1 and 
the potential can be approximated by V ~ Vf, y ~ 
-Vi/k(jy^ ~ -V/fc-i/3 and V^''^ /V ~ Vj''^k^/^ while for 



(^ ~ 1 we have V{(t)o ~ 1) = Vo — Vj /k. We then obtain 
the values k ~ 10^^ > 1 and Vi ~ lO'^^ ^ i ^hc 
dimension of Vj is [V/] = [E'^] so we obtain an inflation- 



ary epoch El = Vj 



1/4 



lOOTey while [k] = [1/E] and 



1/k = 0{Ej{Vi/m%)) = 0{El). Using eq.(6) we have 

il_ ^ i J i^T^-, _2___ t7.2ta1/2 7_ ___ J 



the (j) decay rate F 



g^m^ 



EM 



k and 




-^ ~ Efk = 10*" » 1 



(13) 



and eq.(7) is also satisfied. Therefore we have an efficient 
decay and the field (f) ceases to exist until it is regener- 
ated at late time by the back decay process. The universe 
will therefore be in a decelerating phase for a long period 
of time, from reheating at Ej ~ 100 TeV to ip decay at 
Ebd = Ej = leV (c.f. eq.(9)) when f starts to regen- 
erate (j) giving Cl^BD = ^.pBD with p^BD — E^d = -^f- 
For y « p0 « PipBD we have (j) > l/kVi ~ 10^^^, using 
V ~ Vi/kcf) (valid for (t>k > 1). Once cj) is regenerated it 
will grow and its potential will start dominating the uni- 
verse with (j) = 0{1) for V w Vo, independent of its initial 
conditions (tracker behavior). The slow roll conditions 
are satisfied and the universe will enter an acceleration 
period or DE domination. This late time decay gives an 
understanding why DE appears at such a late time. 
Summary and conclusions- We have presented a 
model where inflation at and dark energy can be achieved 
via a single scalar field 0, the uniton. In order to have a 
long period of hot and decelerating universe we couple (f> 
to another field (p. This coupling allows for the reheating 
of our universe right after inflation at Ej = 100 TeV, a 
reheating scale Eji = 1 TeV ~ Ej and a late time regen- 
eration of at a low energy Ebd — 1 eV ~ Ej which 
could be related to the neutrino mass. More relativistic 
energy and a w < — 1 are phenomenological favored [8] 
and our model can explain both since we have an inter- 
acting dark energy, which may account for aw < —1, 
and predicts the existence of Qi^. The universe is domi- 
nated by p0 at high energy p^ > Ej — (100 Tey)"* and 
low energy p^ ^ pbd = (1 eV)^ while radiation or mat- 
ter dominates the universe otherwise. We stress the fact 
that the quantum regeneration of the uniton drives the 
transition between the decelerating universe to the dark 
energy phase, it is not longer classical but it is essentially 
due to quantum effects and the low value of Ebd explains 
the coincidence problem. 
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